Measurements of chlorophyll, oxygen, and particulate and dissolved forms of nitrogen and phosphorus made over a year were used in a one-dimensional diffusion model to calculate rates of generation or loss of these substances in the hypolimnion of Lake Rotoiti, New Zealand. During summer stratification the hypolimnion was always a sink for chlorophyll, particulate nitrogen (PN), particulate phosphorus (PP), and dissolved oxygen. The order of decomposition was chlorophyll > PP >PN. The hypolimnion was a source for NH4+ and dissolved reactive phosphorus (DRP), whereas dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP) showed no distinct seasonal trends. N,O reached 8,800% of air saturation just before the hypolimnion became anaerobic. At this time, the hypolimnetic N,O pool comprised about 13% of the total dissolved inorganic nitrogen pool. Diffusion of dissolved inorganic nitrogen (DIN) and DRP from the hypolimnion to the epilimnion could increase mean epilimnetic concentrations during summer stratification by 0.10 mg DRP m-3 d-l and 0.34 mg DIN m-3 d-l. The ratio of DIN : DRP supplied to the epilimnion was 3.4 (by weight), which would exacerbate DIN deficiency in this lake.
Quantitative studies of nutrient cycles, particularly those of N and P, are important for understanding the basic processes governing biological production in lakes. These cycles are influenced by both external and internal events. In general, the transformations of biologically essential nutrients depend on internal rates of organic production and subsequent decomposition (Bloesch et al. 1977) , much of which occurs below the euphotic zone (Priscu et al. 198 1; Takahashi and Saijo 198 1; Stewart et al. 1982) .
Although the ecological importance of N and P decomposition and regeneration to the overall production of lakes is often considered, there are few quantitative measurements, primarily because direct measurement of these processes is difficult (Saunders 1976) . Most field estimates of organic matter decomposition and nutrient regeneration in aquatic systems are based on correlations of observed changes in organic matter with its decomposition products (e.g. Barica 1974; Priscu et al. 1982) , on the dilution rate of an isotope (e.g. 15N) added to the system (Stewart et al. 1982) , or on numerical models based on field data which distinguish the relative effects of physical and biological processes on the concentrations of the elements under concern (e.g. Takahashi and Saijo 198 1; Jahnke et al. 1982) . Laboratory experiments used to determine rates of decomposition and transformations of a particular nutrient under various environmental conditions show that the rates of transformation may depend strongly on the age and type of organic material (usually phytoplankton) used, as well as on temperature and pH (Von Brand et al. 1937 , 1942 Gunnison and Alexander 1975; Romancnko 1977) . However, in many of these studies concentrations of organic matter were unrealistically high or incubation times in closed vessels were exceedingly long, so that the results are hard to apply to field situations.
We present here results from a one-dimensional diffusion model used to quantify the decomposition dynamics of nitrogen, phosphorus, and chlorophyll in the hypolimnion of Lake Rotoiti, a geothermally influenced lake in New Zealand, relate these to the hypolimnetic heating and stirring caused by the geothermal heat flux, and discuss the influence that hypolimnetic decomposition processes may have on the overall trophic status of the lake.
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Study site
Lake Rotoiti is in the Okataina Volcanic Center within the Taupo Volcanic Zone of the central North Island, New Zealand. This zone contains several active volcanoes, the Okataina Center being the most recently active, and numerous geothermal fields. The lake is 13.5 km long from east to west, < 3 km wide, and has a surface area of 3 3.9 km2 (Fish 1975; Healy 1975) . The maximum depth (-120 m) is in a steep-sided depression in the eastern arm of the lake; the average depth over the remainder of this arm is about 60 m. The narrow and much shallower (N 15 m) western reach receives the outflow from Lake Rotorua, a large, eutrophic lake, by way of Ohau Channel. During the warm summer months (October-May), most of this inflow is discharged down the Kaituna River (mean flow = 2 1.9 m3 s-l) and does not enter the deep, eastern arm of the lake (Gibbs et al. 1983) . No other major rivers discharge to or from the lake. On the basis of the mean annual hypolimnetic oxygen concentration and the epilimnetic phytoplankton, Lake Rotoiti has been regarded as oligo-mesotrophic (Fish 1975; Cassie 1978) , but recent evidence (Vincent et al. 1984) implies that the Lake Rotorua outflow is increasing its fertility.
Although relatively little is known about the subsurface geothermal activity near Lake Rotoiti, Calhaem (1973) applied geophysical techniques used for mapping heat conduction through the ocean floor and found a lo-MW conductive heat input confined to a relatively small area (0.394 km2) below the 70-m contour in the eastern basin of the lake. Detailed measurements of water temperatures during the 198 l-l 982 season ( Fig.  1) together with computer modeling of lake temperature profiles (Spigel unpubl. data) confirm a total bottom heat input of lo-20 MW, including any advective fluxes (steam, geothermal fluid, heated groundwater) as well as the directly measured conductive heat flux. The hypolimnion exhibits all characteristics expected of a confined region heated by a localized source on the bottom (Baines and Turner 1969; Manins 1979; Killworth and Manins 1980; Faust 198 1) . The basinwide circulation induced by such a localized heat source consists of a rising plume over the source, outward spreading motion under the thermocline, and weak downward and inward flow in the remainder of the relatively quiescent interior. Turbulence (albeit weak) is restricted to the plume itself, with advection of heat by the circulation being the main mechanism causing the uniform and steady temperature rise in-the rest of the hypolimnion.-
The term "convective stirring" that we use here refers to this slow, steady circulation; it is not meant to imply that large-scale turbulent motions and instabilities characterize the mixing in the hypolimnion. The velocity scale appropriate to vertical transport in the plume itself is (Deardorff 1970; Faust 1981) wz,c = (aghQlpc,A)'/' where a! is thermal compressibility (1.26 x 10h4 per "C at 13"C), g is acceleration of gravity (9.8 m s2), h is depth of hypolimnion above the heat source (3 5 m), Q is heat source strength (10 MW), p is density of water ( lo3 kg m-3), Cu is specific heat capacity of water (4,187 J kg-' "C), and A is area of heat source taken as the area below 70 m (0.394 km2). This gives an estimate of W* = 6.4 X 1 Om3 m s-l for the plume. By continuity, velocities owing to the convective circulation in the rest of the hypolimnion are much lower, of order of A W,/A', where A' = 17.7 1 km2 can be taken as the difference in areas below the 35-and 70-m depth contours. A scale for mixing time in the hypolimnion is the travel time for a water particle to make a complete circuit around the boundary of the hypolimnion, of the order of 40 days. Chemical and biological constituents with reaction times faster than the mixing time may have patchy distributions in the hypolimnion, those with slower reaction times uniform distributions.
Geothermal heat input is small in comparison with downward transport of solar flux through the thermocline by turbulent diffusion; diffusive transport ranges from ~400 MW in spring when stratification is weak to < 100 MW in summer when stratification is strong (Spigel unpubl. data). The geothermal flux is smaller still in relation to total solar flux incident on the lake surface (2,500 MW in winter, 9,200 MW in summer). Although relatively low, the geothermal heat flux warms the hypolimnion in two ways: by direct heating from the 1 O-20-MW input and indirectly by enhancing the downward diffusion of solar flux through the thermocline. The latter effect is associated with convective circulation caused by bottom heating and is especially important in spring (late September through early November) before stratification strongly stabilizes the water column. Hence, despite its small magnitude relative to either total solar flux or downward turbulent heat diffusion, the geothermal heat flux can affect mixing in the hypolimnion, temperatures in the hypolimnion, and the timespan over which thermal stratification occurs, all of which may ultimately influence the trophic status of the lake.
Met hods
General -Hypsographic data for Lake Rotoiti were taken from a bathymetric map (Irwin 1969 ) with additional details from Calhaem (1973) . The data presented here were collected from the deepest portion of the lake (eastern arm; site 62 in figure 1 of Vincent et al. 1984) . Temperature was measured with KS1 bathythermographs; a Micorn solid-state recording bathythermograph was used for all but December 198 1, when a mechanical bathythermograph was used while the Micom was serviced. A Yellow Springs Instrument (YSI) oxygen/temperature probe was used to check the exact position of the thermocline. All three instruments agreed within 0. 1°C in isothermal water.
Samples for chemical analysis were collected with a 2.5-liter Niskin bottle. Water was sampled at the surface and at 20-m intervals to the bottom during isothermal conditions, during stratification at the surface, the top, middle, and bottom of the thermocline (YSI probe, 60 m), and just above the bottom (determined by echo sounder).
Chemical -Samples for chemical analysis were filtered and frozen in acid-washed polyethylene bottles immediately after collection. Chlorophyll a was determined by methanol extraction on Whatman GF/C filtered samples (Marker 1972) . Particulate N and P were determined by micro-Kjeldahl digestion on the material retained on an acidwashed Whatman GF/C filter (Priscu and Priscu 1984) , with subsequent analyses for NH4+-N (Searle 1975 ) and dissolved reactive phosphorus (DRP) on a Technicon AutoAnalyzer II (Downes 19783) . The filtrate was analyzed for NH,+-N (Crooke and Simpson 197 l), N03--N (Downes 1978a), and DRP (Downes 19783) . This N03-analysis measures both N02-and N03-. Total dissolved nitrogen (TDN) and phosphorus (TDP) were measured concurrently with the reactive inorganic nutrients in the same sample. TDN was determined as the N03--N produced after photooxidation (Collins and Williams 1977 spigot of a Niskin bottle into 50-ml plastic syringes containing mercuric chloride preservative at 60 mg liter-' (final concn). N20 was determined by the multiple equilibrium technique of McAuliffe (197 1) with two equilibrations with N,O-free N2 followed by gas chromatography (Priscu and Downes 1985) .
Denitrification experiments -Denitrification potential was determined by the acetylene block method (Knowles 1979) . Water was drawn from a Niskin bottle into replicate airtight loo-ml glass syringes; 50 ml of acetylene was immediately dissolved in the sample, an amount which completely blocked the reduction of N,O to NZ. N03-was added to the syringe to a final concentration of 100 bg N liter-l and the samples were incubated at 10°C in the dark. N20 was measured intermittently over 13 days in lo-ml subsamples by the multiple equilibration technique described above. Denitrification rates were calculated from the linear portion of the N20 production curves (~4 d).
Mathematical model
The conservation equation and its approximation -The area-averaged, one-dimensional equation of conservation of mass, neglecting vertical water velocities but accounting for settling of the particulate phase, can be written as (Jassby and Powell 1975; Sayre 1966) where c(z, t) is area-averaged concentration, t is time, z is depth (measured positive downward from the lake surface), A(z) is lake area enclosed within the z-depth contour, K(z, t) is an area-averaged vertical eddy diffusivity, w, is settling velocity (here taken as a constant for all particulate phases), and R(z, t) is a residual term arising both from the source-sink terms in the original threedimensional equation and from area-averaging the three-dimensional equation. R can be partitioned into at least four components for conceptual purposes: In Eq. 1 A(z) is known from bathymetric surveys, c(z, t) is known from measured profiles at two sites in the central basin of the lake, and K(z, t) can be derived from measured temperature profiles (see below).
The settling velocity w, is not known but can be estimated from representative values in the literature adjusted to produce results for all nutrients which are consistent with other independent biological and chemical constraints. This is the only "tuning" done in the model and is discussed below. One can then solve for the remaining unknown variable R, but it is important to remember that R is a residual term incorporating more than just sources and sinks.
For the calculations, Eq. 1 was written in finite difference form, using a depth increment AZ = 5 m and a time increment At equal to that between pairs of successive surveys. At varied from 6 to 32 days bes tween 14 May 1981 and 10 August 1982, with a median value of 8 days. Concentrations were specified at depths of 2.5-92.5 m in 5-m intervals, based on measurements at two sites in the central basin during the 198 l-l 982 season. Areas and diffusivities were specified at depths of O-95 m at 5-m intervals. The volume of lake water below 95 m is very small and has been neglected in the model. We calculated each value of R using values of concentration at six points, three in space and two in time. All finite differences were central differences, and concentrations at both times were used to approximate the diffusion and sinking terms.
To calculate turnover rates we divided the R-values of a particular constituent by the corresponding concentration of the same constituent for each point in time. These values represent an average turnover rate .for a particular constituent pool in the hypolimnion of Lake Rotoiti. Positive turnover rates indicate that the compound is being generated, negative values represent losses. The inverse of turnover rates are turnover times. For the model to provide meaningful results for reaction rates, the sampling interval (which is the same as the model time step At) should be no longer than the turnover time. This was found to be true in almost all cases, as will be discussed below.
Calculation of eddy dijkivities-
We used the method of Jassby and Powell (1975) to compute eddy diffusivities in and below the thermocline, with an extra term added to acccount for geothermal heat input at the bottom. Implicit in the use of eddy diffusivities calculated in this way is the assumption that those derived from heat transfer data are applicable to mass transfer, a common assumption based on the analogy between turbulent heat and mass transfer (Bird et al. 1960 ). Jassby and Powell's method makes use of the area-averaged thermal energy equation:
A-2 de at az mg +--9 ( 1 1 aqA PqJ az (3) where 0(z, t) is temperature, p is density of water, Cu is specific heat capacity of water, q(z, t) is solar flux at depth z, and K, A, z, and t as defined for Eq. 1, except that it is convenient here to define z as positive upward from the lake bottom, z = 0. Extinction coefficients were measured several times during the season, and solar flux incident at the surface was measured at Rotorua airport, about 10 km from the lake. The albedo of the lake surface was assumed to be 0.07 (Nunez et al. 1972 ). Jassby and Powell's method consists of integrating Eq. 3 from the lake bottom to a depth z below the epilimnion, and then solving for K, the eddy diffusivity:
The middle term in the numerator of Eq. 4 is the diffusive heat transfer from the lake to the sediments at z = 0 and is normally neglected. However, in this case it must be identified with the geothermal heat flux Qg as
We assumed a value of Qg = 10 MW in this study, based on geophysical surveys of heat conduction through the bottom of the lake (Calhaem 1973) and computer simulations of the thermal regime of the lake (Spigel unpubl. data). Equation 4 s-l and were smallest in regions of high density stratification. Values > 1 .O X low4 m2 s-l were calculated in some cases, but we imposed an upper limit of 1 .O x 10M4 m2 s-l on all results, based on published values of K measured in many other lakes (Quay et al. 1980 ). This upper limit probably underestimates the strength of mixing within the hypolimnion of Lake Rotoiti, to be discussed later. However, as we point out below, imposition of the limit on K has no effect on depth-integrated R-values below 35 m during the period of stratification.
Jassby and Powell's method is applicable only to those times of year and those depths in the water column at which temperatures are increasing because of downward diffusion of solar heat (and, in this case, upward diffusion of geothermal heat). The method is also restricted to depths with nonzero temperature gradients. Lake Rotoiti typically featured a well mixed surface layer of 5-m depth or greater and was almost completely isothermal below 40 m because of the convective circulation caused by the bottom geothermal heat input. Hence for depths from 0 to 5 m and from 40 to 95 m the upper limit of K = 1O-4 m2 s-l was assumed to apply for calculations using Eq. 1. These are reasonable assumptions since they give values of K that agree with published values for strong mixing in lakes of comparable size; gradients of concentrations were typically weak or negligible at depths of O-5 m and 40-95 m and throughout the lake during winter; calculations were not made for winter, when de/dz is negligible throughout the water column and the limit of 10m4 m2 s-l would have to be imposed; 
Results
Temporal variations in hypolimnetic constituents-The lake was thermally stratified from late October to mid-May (Fig. I) , and anaerobic conditions existed after 7 March until autumn turnover (May) (Fig. 2) . The mass of hypolimnetic dissolved inorganic nutrients (N03-, NH4+, DRP) fluctuated considerably over the season, being relatively low before thermal stratification. DRP increased steadily during the stratified period (Fig. 2B ), but DIN underwent several conspicuous changes. Two features of the DIN data are particularly apparent ( Fig. 2A) : the precipitous drop in NH,'-N coinciding with an abrupt increase in N03-over a 16-day period in late December, presumably from nitrification; and the loss of 6,900 kg of N03-from 10 March to 4 May, coinciding with the onset of anoxia, a condition favorable for denitrification.
A third point, not obvious from Fig. 2A , is that the rate of NH,+ production appears to have been nearly constant during the entire period of thermal stratification.
A least-squares fit through selected portions of the DIN data showed that the rate of NH,+ production before (November-December) and after (April-May) the nitrification maximum was (slope -+95% C.I.) 488+226 and 436+ 157 kg NH4+-N d-l. These values are similar to the sum of N03-and NH4k production (330+230 kg N d-l) during the period when nitrification was significant. If we assume that NH,+ regenerated in the hypolimnion was the primary substrate for nitrification, these calculations imply that NH4+ production was constant during the period of thermal stratification.
The mass of hypolimnetic N,O-N (Fig. 2D) , though not frequently measured, was maximal following the nitrification peak, shortly before the onset of anaerobic conditions.
The levels of hypolimnetic PN and PP (Fig. 2C) were extremely variable but generally decreased during stratification.
The ratio of hypolimnetic PN : PP (g : g) was usually <7, the ratio found in algae during bal- anced growth (Redfield et al. 1963) , except during winter mixing when viable epilimmixed into the deep water (Fig. 2D) . Changes netic phytoplankton appear throughout the in the mass of hypolimnctic oxygen were water column. The mass of hypolimnetic positively correlated with chlorophyll, both chlorophyll a declined between 29 October reaching a minimum in late summer (March) and both reflecting near-surface water conand 10 March, reached the limits of detection, then increased slightly until autumn centrations during winter mixing. Chlorophyll, and to a lesser extent PN and PP, were turnover (late May) when epilimnetic and riverine (i.e. Ohau Channel) chlorophyll was inversely related to dissolved inorganic nitrogen and DRP levels during summer stratification, implying that sinking phytoplankton was a primary source of inorganic nutrients to the hypolimnion.
Modeled hypolimnetic reaction rates-
Unlike the rates of change of mass presented in the previous section, which reflect gross seasonal trends, the depth-integrated R-values (Fig. 3) reflect the instantaneous rate of change of the parameters at a particular time. Moreover, the R-values are corrected for diffusion and for sinking of particles, thus estimating the biological reaction rates more accurately, in particular those between 20 October 1981 and 15 May 1982 when advective riverine input into the hypolimnion (> 35 m) of the lake is least important (Gibbs et al. 1983 ); we therefore limit most of our discussion to this period. Referring to Eq. 2, we assume & -0 below 35 m between 20 October and 15 May, although we cannot partition R into its water column (R,) and sediment (R,s, R,) components on the basis of model results alone. The hypolimnion was generally a source (positive R-value) for NH4+, reaching a maximum production rate just before autumn (May) turnover (Fig. 3A) . This maximum in NH,+ production coincided with the highest oxygen consumption rate measured in the study (Fig. 3E) . The greatest NH,+ loss rate occurred 21 December coinciding with a N03-production maximum (Fig. 3B) , presumably from nitrification; a peak in oxygen consumption was observed during this transformation.
The maximum denitrification rate, as estimated from the rate of N03-disappearance, was similar to the maximum nitrification rate observed during aerobic stratification.
The hypolimnion was generally a source for DRP (Fig. 3F) , which like NH, +, reached a maximum production rate just before autumn turnover. Interestingly, the seasonal patterns in DRP reaction rates were notably cyclic with a period of about 1 month and an amplitude that increased linearly with time. The large loss rate after autumn overturn (May) was presumably due to dilution with epilimnetic water relatively low in DRP. The reaction rates of DON (Fig. 3C) and DOP (Fig. 3G) were low during aerobic stratification with respect to the R-values of the inorganic N and P constituents. The highest production rates of DON and DOP also occurred just before autumn turnover.
To calculate R-values for the particulate constituents PN, PP, and chlorophyll a, we included a sinking term in the numerical model. The sinking speed (w,) used in the calculations was one that best fit the proposed relation between dissolved oxygen consumption and nutrient production by biological decomposition based on the average chemical composition of plankton (Redfield et al. 1963 The ratios of oxygen consumption to particulate organic nitrogen (PN) and particulate organic phosphorus (PP) decomposition from Redfield's equation are 19.2 and 142 by weight. We calculated the amount of PN and PP decomposed during summer stratification for a range of sinking rates and compared the decomposition values to the oxygen consumed over the same period (Table 1). The sinking rates giving the O2 : PN and O2 : PP ratios which most closely resembled the Redfield ratios were 0.8 and 1.3 m d-l. Assuming that PN and PP sink together at the same rate (i.e. the PN and PP do not form distinct particles), as in a sinking algal cell, we selected 1 .O m d-l as the average sinking rate to compute the R-values for particulate organic matter.
The calculated R-values for PN, PP, and chlorophyll were generally negative, indicating that the hypolimnion of the lake was a constant sink for these particles. PN and PP decomposition was significantly correlated (r = 0.69, n = 24, P < 0.001) during summer stratification, although PN decomposition rates were about 10 times those for PP. Both were also positively correlated with chlorophyll decomposition rates (r = 0.38, n = 24, P < 0.10; r = 0.43, n = 24, P < 0.05). The net loss of PN during the stratified period resulting from sinking, diffusion, and biological transformations was 9,565 kg of N; this value is close to the combined N03-and NH,+ increase of 9,5 30 kg of N due to diffusion and biological transformations.
Plots of hypolimnetic PN and chlorophyll decomposition rates on the hypolimnetic masses of these constituents during summer stratification resembled saturation kinetics (Fig. 4A, C) . The PP relationship (Fig. 4B) , though more variable, appeared to follow first-order kinetics. The models fitted to these data accounted for 63, 58, and 84% of the variance between the variables in the PN, PP, and chlorophyll relationships; all were statistically significant at P < 0.01.
Linear models for PN and chlorophyll fitted the data equally well (P < O.Ol), but visual inspection of the scatter plots indicated that the rates of PN and chlorophyll decomposition decreased as mass increased; this trend was not visually evident for the PP relationship. PN, PP, and chlorophyll data from both aerobic and anaerobic periods of the summer appeared randomly scattered over the curves; most of the chlorophyll data from the anaerobic portion of the year lie on the first-order part of the curve, reflecting the low chlorophyll levels present during late summer anoxia (Fig. 2) . The statistical significance between decomposition rates under aerobic and anaerobic conditions was tested by multiple regression analysis which included the mass of oxygen along with the mass of the particular constituent as independent variables. The partial correlation coefficients for oxygen were insignificant (P > 0.05) for all constituents analyzed, whereas those for the mass of the particular compound being assessed were all significant (P < 0.05). These standardized coefficients showed the contribution from the mass of PN, PP, and chlorophyll to be 2.3, 4.8, and 3.6 times more important than oxygen in predicting the respective decomposition rates. Thus the rate of organic matter decomposition was regulated primarily by substrate rather than oxygen concentration.
Turnover rates-The turnover rates of the nitrogen and phosphorus compounds modeled were generally CO.25 d-l and > -0.25 d-l (Fig. 5) . The exception was N03-, which reached turnover rates of -0.34 d-l in both spring and late summer; those in late summer (May) reflect the extensive denitrification that occurred then. Of the dissolved nutrients, N03-was notably the most dynamic and DRP was the most stable.
The turnover rates of PN and PP were similar, both averaging about -0.12 d-' owing to decomposition.
Chlorophyll displayed a consistent negative rate throughout the year, reaching a maximum in mid-April of -0.44 d-' that coincided with maxima of both PN and PP. The highest turnover rate for oxygen was -3.0 d-l just before autumn turnover (May). Interestingly, most of the compounds exhibited a cyclic pattern of turnover, also evident in the source-sink terms (Fig. 3) .
Vertical distribution in R-values-The
R-values presented earlier are depth-integrated-the summed changes in the hypolimnion. Selected vertical profiles during summer stratification are shown in Fig. 6 . Most compounds vary with depth for at least part of the season; this is to be expected as turnover times were often shorter than the convective mixing time of 40 days. The dissolved inorganic nitrogen profiles show the nitrification-denitrification sequence that is apparent for the entire hypolimnion in Figs. 2 and 3. Most of this activity occurred in the upper hypolimnion, which showed continual oxygen consumption throughout summer.
The greatest production of DRP also occurred in the upper hypolimnion, between 30 and 50 m. The production maxima of both NH4+ and DRP corresponded to the depth of maximal PN, PP and chlorophyll degradation, and oxygen consumption on 11 May, implying that most of the hypolimnetic loss of epilimnetically derived particulate organic matter occurred just below the thermocline. This is consistent with the observation of relatively little chlorophyll loss below 60 m. Whether the hypolimnetic loss of particulate matter should be ascribed to water column decomposition or to sedimentation will be discussed below.
Nitrous oxide dynamics -Nitrous oxide profiles for the period when hypolimnetic bacterial processes switched from nitrification to denitrification are shown in Fig.  7 . The N,O profile resembled the N03-profile on 10 March and was highly supersaturated below the thermocline with respect Table 2 . NH,+ (mg N m-3), oxygen (g m-3), and percent N,O saturation with respect to air above the lake at various depths (m) and dates corresponding to those in Fig. 7 to the air above the lake surface (Table 2) . fraction during the oxygenated period and On this date the hypolimnetic oxygen had NH,+ dominated during the anaerobic pejust dropped below 1.0 g O2 m-3, which riod. Total NO,-and NH4+ diffusion into appeared to initiate denitrification.
the epilimnion was similar throughout. The hypolimnetic N20 levels on 20 April were nearly an order of magnitude greater than those on 10 March and corresponded to virtually anaerobic conditions (0, -0.1 g mm3), a reduction in N03-, and an increase in NH4+ concentration. Nitrous oxide concentration dropped sharply between 20 and 28 April, although a maximum was evident in the thermocline (32 m). The maximum N,O concentration at this depth remained above saturation with respect to air. Modeled denitrification rates (Fig. 6) were greatest just below the thermocline at 42.5 m and essentially zero below 60 m, in conjunction with the absence of N03-. Potential denitrification rates measured by the acetylene block technique on 28 April (Fig. 7C) were below detection above the thermocline, but increased to 10.8 mg N m-" d-l at 60 m and 19.0 at 106 m. These potential rates, determined at an experimental N03-concentration of 100 mg N03--N m-3, were close to those predicted by the numerical model on 14 April when ambient N03-concentrations ranged from 83 to 112 mg N03--N mm3.
Fluxes of inorganic nitrogen and phosphorus into the epilimnion-The masses of DRP and dissolved inorganic nitrogen (DIN) that diffused upward into the water layer above 35 m were 15,486 and 54,325 kg for the entire stratified period (Table 3) . Most of the DRP and dissolved inorganic nitrogen diffused into the epilimnion when the hypolimnion was aerobic. Of the total DIN that diffused upward, N03-was the primary The longer period of aerobic (129 d) than of anaerobic stratification (7 1 d) is partially responsible for the greater mass of nutrients diffused into the epilimnion during the former. The mass transfers normalized by time and epilimnetic volume (O-35 m) give the mean daily rate at which a nutrient is supplied per unit of epilimnetic water, assuming complete mixing of the transferred nutrient in the epilimnetic water. Rates of 0.10, 0.09, and 0.11 mg DRP mm3 d-l were calculated for the total, aerobic, and anaerobic portions of summer stratification.
Therefore, DRP was actually supplied to the epilimnion at a greater daily rate during anaerobic stratification.
Rates of 0.34, 0.41, and 0..19 mg DIN m-3 d--l were calculated for these same respective time periods. In contrast to DRP, the daily rate of supply of DIN to the epilimnion during aerobic stratification remained greater after normalization. The reduced DIN gradient at 35 m caused by a loss of about 60 x lo3 kg of DIN by denitrification during late summer is apparently responsible for the lower diffusive supply of DIN to the epilimnion during anaerobic stratification.
The N03-diffusive supply to the epilimnion dropped during anaerobic stratification; the converse was true for NH4+.
Denitrification losses of NO,-and microbial production of N20 during late summer reduced DIN : DRP diffusive supply to the epilimnion nearly 3-fold with respect to this ratio during aerobic stratification.
On the basis of the Redfield N : P proportion of 7 (g/g) for biochemically balanced algal cells, the N : P diffusive supply ratios that we calculate would tend to make the epilimnetic phytoplankton populations nitrogen deficient, particularly in late summer. Furthermore, the removal of inorganic nitrogen from the hypolimnion by denitrification led to a DIN : DRP mass ratio of 1.2 just before autumn overturn. The mixing of hypolimnetic nutrients at overturn could also lead to nitrogen-deficient conditions in winter.
Discussion
The purpose of our biochemical model was to provide an accurate and concise description of organic matter decomposition and attendant chemical transformations in the hypolimnion of Lake Rotoiti. On the basis of temporal and spatial (vertical) variations in hypolimnetic constituents and the physical characteristics of the hypolimnion, we produced a model that estimated the instantaneous rates of change of these constituents with time. The results show that during summer stratification the hypolimnion was a source for NH,+ and DRP. Interestingly, the reaction rates (R-values from the numerical model) of the dissolved inorganic compounds oscillated conspicuously during this period. The most consistent oscillation occurred in the DRP terms. It seems that a large displacement from the equilibrium position brings about a slightly larger displacement in the opposite direction. These data imply that decomposition and regeneration occur in bursts separated by a period of recovery.
How much of the cyclic pattern observed in Figs. 2, 3 , and 5 is real, and how much is due to choice of sampling interval, random errors, or numerical instabilities of the model? It is clear from Fig. 2B that the sampling frequency was high enough to resolve oscillations adequately. The regularity of the oscillations, particularly in DRP, appears too great for them to be ascribed completely to random error, although tests to quantify this statistically would not be meaningful because of the shortness of the record. Numerical instability also seems unlikely. Solving Eq. 1 for R using finite differences is a much more straightforward problem than the more common one of solving Eq. 1 for concentration C when R is specified.
In the case treated here the most important consideration is that values of C used to evaluate the terms on the right-hand side of Eq. 1 be meaningful averages of C over the time step At. Generally that will be true if turnover times are longer than At. Turnover times (inverse of turnover rates) showed considerable variation, but in almost all cases were greater than the interval over which they were calculated. For example, typical turnover times for N03-, NH4+, and DRP were 26, 20, and 10 days, all longer than the median time step of 8 days in the model. Oscillations in nitrogen and phosporus regeneration have been observed in the pothole lakes of Canada; Barica (1974) contended that the oscillations began with the sudden collapse of algal blooms which led to the release of nutrients, followed by their utilization by a subsequent bloom. Our model results show that the hypolimnion of Lake Rotoiti was always a sink for chlorophyll, suggesting little or no algal growth or advective input of algae during summer. The R-values for DRP were significantly (P < 0.01) negatively correlated with those for oxygen; in conjunction with the lack of significant chlorophyll accumulation and the physical arguments presented above, this implies that the oscillations, particularly of DRP, in the lake are related directly to temporal variations in the metabolic activity of bacteria.
PN and chlorophyll decomposition apparently saturated at high substrate mass, while PP decomposition was essentially linear over the range measured. These trends imply either that PN and chlorophyll may be more refractory when present at high concentrations or that bacterial activity becomes saturated by oxidizable substrate above certain levels. Saturation kinetics of decomposition have been observed in both laboratory (Otsuki and Hanya 1972) and field situations. Otsuki and Hanya, working with dead Scenedesmus sp., observed that particulate organic nitrogen decomposition did not follow first-order reaction kinetics because of a relative increase in the refractory organic constituents, which may be the case for PN in Lake Rotoiti. However, substrate saturation is probably most important in the chlorophyll degradation relationship because chlorophyll (pheophytin corrected) has no refractory component that could accumulate at high chlorophyll levels. The apparently linear relationship between PP decomposition and PP mass in the lake indicates that bacterial activity remained equally sensitive to the range of hypolimnetic levels in the lake, suggesting that PP is a relatively labile compound which does not reach saturating levels.
That the x-intercept (&SD) of the chlorophyll plot (39.9k7.3 kg) is much closer to the origin than either PN (1 .O 1 & 3.5 x 1 O3 kg) or PP (85 1 f 5 3 kg) implies more complete decomposition of chlorophyll than of PN or PP (i.e. chlorophyll is relatively more labile) and of PP than of PN. Alternatively, PN and PP derived from sinking epilimnetic algae may be recycled through an inorganic phase and assimilated by bacteria to appear again in a particulate phase, a sequence that cannot occur for hypolimnetic chlorophyll because of a lack of photons required for energy production for chlorophyll biosynthesis. These mechanisms can explain the relatively constant levels of PN and PP in the hypolimnion of Lake Rotoiti (see Fig. 2 ) in the presence of continued decomposition (Fig. 3) . Conversely, both chlorophyll mass and chlorophyll decomposition rate drop to virtually zero in late summer, suggesting low epilimnetic or advective input and no hypolimnetic regeneration.
The production maxima of both NH,+ and DRP occurred in the upper hypolimnion, corresponding to the depth of maximal PN, PP, and chlorophyll degradation, implying that most of the hypolimnetic decomposition of epilimnetically derived particulate organic matter took place in this region. The relatively high rates of oxygen utilization estimated by our model in the upper hypolimnion also imply high rates of decay. The model that we used to compute R-values gives no direct guidance as to whether the transformation from the particulate to the dissolved inorganic phase is mediated by the sediments or occurs within the water column. Other field investigations have indicated that most phytoplankton decay in oligotrophic to mesotrophic lakes takes place in the upper water column rather than in deep water or the sediments (e.g. Kuznetsov 1968; Lasenby 1975) . The close balance between loss of PN and generation of DIN over the entire stratified period in the hypolimnion of Lake Rotoiti is consistent with a water column decomposition hypothesis, but may be coincidental as no such simple result was observed for phosphorus.
The organic content (expressed as loss on ignition at 550°C as a percent of dry weight) of three samples collected in the upper 5 cm of sediment in the deep basin of the lake during this study was < 10% (M. Timperly unpubl. data), further suggesting that most decomposition occurred in the water. However, spatial variation in sediment composition is notoriously variable (Jones and Simon 198 1) and a much more extensive survey would be needed for conclusive results. Observations by Vincent (unpubl. data) of gradients in NH,' in the deep hypolimnion of Lake Rotoiti, with concentrations increasing toward the sediments, suggest that diflusion from sediments may play a role in the nitrogen dynamics of this lake. Both water and sediment processes probably contributed to the R-values calculated here.
Rates of organic matter decomposition in the hypolimnion of lakes are often presented in terms of oxygen as hypolimnetic oxygen deficits (HOD). The HOD in Lake Rotoiti, calculated for the aerobic portion of thermal stratification, was 0.3 1 mg O2 crne2 d-l. This value is more than twice those reported for other lakes; Lasenby (197 5) reported values from 0.003 to 0.16 mg O2 crne2 d-l for 20 geographically diverse lakes, and Fulthorpe and Paloheimo (1985) calculated values from 0.001 to 0.02 mg 0, crnp2 d-l for 27 Canadian lakes. Lasenby found a significant relationship between Secchi depth and HOD for lakes with Secchi depths between 1 and 10 m. His equation to describe this relationship predicts a Secchi depth of 0.8 m for Lake Rotoiti; the actual value (mean &SD) measured during our study was 5.1 kO.7 m (Vincent et al. 1984) . The relatively high HOD in Lake Rotoiti with respect to euphotic zone production (i.e. Secchi depth) suggests that hypolimnetic decomposition proceeds at an unusually high rate, corroborated by the fact that the rate constants for hypolimnetic PN and PP degradation (-12% d-l) are about twice those reported for other systems (e.g. Harrison 1980 ).
The efficient decomposition of organic matter in the hypolimnion of Lake Rotoiti may be caused in part by the benthic geothermal heat flux in this lake. Temperature has a marked direct effect on decomposition rates; Q,,, values for decomposition typically exceed 2 (Kamatani 1969) . However, on the basis of computer simulatons (Spigel unpubl. data), the geothermal input into the lake resulted in only a 0.5-2.O"C increase in hypolimnetic water temperature, which should not alter significantly the rate constant for decomposition. Perhaps more important than the direct effect of temperature on decomposition is the effect of convective circulation associated with the benthic geothermal heat flux. This effect, though difficult to quantify, includes the action of upward vertical velocities in the water over the heat source in keeping oxidizable organic matter in suspension and enhanced mixing in the entire hypolimnion associated with the convective circulation. Estimates of vertical velocities in the plume region are of the order ws = 550 m d-l, compared with an average sinking velocity on the order of 1 m d-l. With regard to overall mixing, it is of interest to compare the mixing time associated with a relatively high value of eddy diffusivity for nongeothermally heated lakes with the mixing time of 40 days for Lake Rotoiti. Taking K = 10 -4 m2 s-l as an upper limit for eddy diffusivities measured in lakes of similar size (Quay et al. 1980) gives a diffusion mixing time of H2/K = 140 days for a 35-m-deep hypolimnion, more than three times the mixing time in Lake Rotoiti associated with convective circulation.
Direct measurements of N,O concentration showed that the hypolimnion of Lake Rotoiti was a source for this gas, which at times was over 8,000% of saturation with respect to air. The highest levels of N20 followed the nitrification maximum, when oxygen concentration was at its lowest, and comprised about 13% of the total dissolved inorganic nitrogen pool (NH,+ + N20 + N02-+ N03-). That the peak coincided with the end of nitrification suggests that N20 was a byproduct of this oxidative process. Autotrophic nitrifiers can produce N,O (Kaplan 1983) , but this compound has not often been measured in aquatic studies. Interest in the distribution of N,O in the environment (Cohen and Gordon 1979; Elkins et al. 1978) was prompted by its importance in the chemistry of the stratosphere (Nicolet 1975) . Our study indicates that N20 can be important in the nitrogen cycle of freshwater systems and that measurements of this gas should be included in studies of aquatic nitrogen transformations.
The average ratio of DIN to DRP that diffused from the hypolimnion into the trophogenic zone during summer stratification in Lake Rotoiti was 3.5 (4.6 during the aerobic portion, 1.8 during the anaerobic portion). Based on the Redfield cellular N : P ratio of 7 (g/g) for biochemically balanced algal cells (Redfield et al. 1963) , we calculate that the DIN : DRP diffusive supply could lead to nitrogen deficiency and possibly bluegreen algal blooms (Smith 1983) in the epilimnion of the lake, particularly during summer. Vincent et al. (1984) have in fact shown that nitrogen-fixing blue-green algae are appearing as numerical dominants in the late summer phytoplankton of Lake Rotoiti for the first time in over 30 years of records.
The nitrogen and phosphorus transformations that occur during summer in the hypolimnion of the lake have a definite role in the DIN : DRP ratio and flux from the hypolimnion to the trophogenic zone. Howver, a complete understanding of the processes underlying the DIN : DRP flux in the lake requires knowledge of the advective inputs to the lake during winter. Smith (1984) contends that it is the balance between physical (i.e. advective) and biochemical processes that determines whether a system is nitrogen or phosphorus deficient. Unfortunately, our model, which does not include a term to account for advection, may not predict accurately the biochemical reaction rates during the unstratified winter period in the lake when hypolimnetic (> 35 m) ad-vective inputs seem to be most important (Gibbs et al. 1983; Spigel unpubl. data) .
In summary, WC feel that the numerical approach used here can be used to define and quantify nutrient tran .sform .ati .ons in aquatic systems. In particular, such a modeling approach provides a tool to test experimental findings as well as to suggest new avenues of experimental investigation. However, it is important to realize that the residual term (R-value) in our model incorporates more than just a biological component and must thus be interpreted within the context of a particular set of environmental variables its components.
